bicolor (Paterson et al. 2009 ). Alignment used the Burrows-Wheeler Aligner (BWA) for single 122 end read (samse). In TASSEL-GBS, the first 64 bps of each reads were mapped onto a reference 123 genome to decide the position of the reads. SNPs were called based on the alignment of reads to 124 the reference genome. Heterozygosity at a locus is called if two alleles are each inferred to be 125 present at a probability greater than that of sequencing error. Raw SNP data from the Tassel GBS 126 pipeline were further filtered based on several criteria: (a) SNPs were removed if the minor allele 127 frequency is less than 5% or the proportion of missing genotypes greater than 40%; (b) In order 128 to reduce the number of redundant SNPs in studies where strong linkage disequilibrium 129 8 necessitates only 5-10 cM resolution, we merged SNPs for which pairwise linkage 130 disequilibrium (r 2 ) is greater than 0.9, deriving consensus genotypes in a manner minimizing 131 missing genotypes. SNPs are further merged if the Pearson's correlation between them is larger 132 than 0.95; (c) For bi-parental populations, the missing genotype of one parental line can be 133 imputed by offspring genotypes if the genotype of the other parent at the locus is known. After 134 these filtering steps, SNP data are used for genetic mapping. 135
Map construction: 136
A genetic map using 616 SNP markers was created using R/qtl (Broman et al. 2003 ). We 137 further assigned bins for each chromosome to merge markers within 1 cM in genetic distance. 138
Bin genotypes were defined as follows: If there was only one marker in the bin, the bin genotype 139 would be the same as the marker genotype; if there were more than one marker in the bin, bin 140 genotypes would be determined by merging marker genotypes to minimize missing data points. 141
For example, for a particular individual if there were three SNP markers in a bin, and if the 142 marker genotypes for all three SNPs agree, the bin genotype will be the same as the marker 143 genotypes; if the marker genotypes showed discrepancy but not due to missing data, the bin 144 genotype would be missing data, if more than one genotype were missing, the bin genotype 145 would be the same as the non-missing genotype. Following this method, we obtained a total of 146 381 bins for map construction. Marker ordering used both de novo and reference based methods, 147
i.e., the physical positions of SNPs. The 'ripple' function was used to assist and validate ordering 148 of the genetic map. 149
We used a chi-squared test to calculate the deviation from expected ratio (1:1) for each 150 marker with both raw and imputed data as an indicator for segregation distortion. To account for 151 multiple comparisons across the genome, the significance level was adjusted using Bonferroni 152 correction. The imputed data was generated using R/qtl (Broman et al. 2003) . 153
QTL mapping 154
QTLs were detected for five traits of interest: plant height (PH), the overall length of a 155 plant; base to flag length (BTF), the length from the base of the plant to the flag leaf; flag to 156 rachis length (FTR), the length from the flag leaf to rachis (a positive sign was assigned if the 157 position of the rachis is taller than the flag leaf; a negative value was assigned if the rachis was 158 'buried' in the flag leaf); number of nodes (ND); and days to flowering (FL), the average days to 159 flowering for the first five plants for each genotype. 160
We combined the phenotypic data using Best Linear Unbiased Prediction (BLUP) by 161 treating individuals, years, replications nested within years and the interactions between 162 individuals and years as random, since heritability for the traits of interest were relatively high. 163
In 2011, we observed and recorded a soil type change within the experimental fields, which was 164 treated as a covariate to calculate BLUP values for each genotype. A genome scan with the 165 interval mapping method was first conducted with 1000 permutation tests; the putative QTLs 166 were then selected and fit into a multiple QTL model. We 
Data availability 176
File S1 contains genotypes for the bin map. File S2 contains genotypes for the original 177 map. File S3 contains the genomic positional information for bin markers. File S4 and S5 contain 178 phenotypes from 2011 and 2012 respectively. 179
Results 180

Genetic map 181
A total of 399 RILs were genotyped with 690 SNP markers. Six individuals for which 182 genotyping data suggested three times more than the average number of recombination events 183 were deemed erroneous and removed from the analysis. Marker ordering first follows the 184 published sorghum genome sequence (Paterson et al. 2009 ). A de novo marker ordering method 185 is also used to compare the order of the genetic map with the reference-based method, but no 186 obvious differences were observed for these two methods in terms of the LOD scores. We 187 excluded 74 unlinked SNPs and obtained an initial genetic map with a total of 616 markers on 188 the ten sorghum chromosomes. As detailed in the methods, we combined SNPs that are within 189 1cM in genetic distance to construct a genetic map with 381 bins (bin map) with varying SNP 12 distance. This correspondence between populations suggests that alleles from S. bicolor might be 219 selected for at this genomic position, however, the exact mechanism and the genes involved are 220 unclear. 221
QTL Mapping 222
The present BTx623 x IS3620C RIL map provides higher power for detecting QTLs than 223 a prior map of a subset of these progenies. As examples, we have investigated QTLs for five 224 phenotypic traits, plant height (PH), base to flag length (BTF), flag to rachis length (FTR), 225 number of nodes (ND) and days to flowering (FL). Means, standard deviation and other 226 summary statistics are shown in Table S1 . Broad-sense heritability estimates for all five traits are 227 relatively high (Table S1 ). It is interesting that the average PH of the progenies is 98.62 cm, 228 greater than the average of either parents, 94.40 for BTx623 and 84.49 for IS3620C. Likewise, 229 BTF is greater than the average of either parent. Both height components show substantial 230 genetic variation, indicating that each parent contributes different alleles for PH to their 231 progenies (Table S1 ). Moreover, the relatively high genetic variation in PH in this population 232 fosters discovery of QTLs, despite that the difference between the two parents is relatively small. 233 PH and BTF are highly correlated in this population (Table S2) , with a correlation 234 coefficient of 0.8983 (p<0.001). We detect a total of seven and five QTLs for PH and BTF, 235 accounting for 40.13% and 41.58% of the total phenotypic variances, respectively (Table S3 ). 236 Three QTLs on chromosomes 3, 6 and 7 overlap for these two traits. The QTLs on chromosomes 237 6 and 7 account for the majority of the phenotypic variance explained for these traits, ~28% and 238 ~32% for PH and BTF, respectively. These two large effect QTLs might be related to previously 239 defined PH genes, presumably dw2 on chromosome 6 and dw3 (Sb07g023730) on chromosome 240 7 (Quinby and Karper 1945; Multani et al. 2003) . 241
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Not only do we detect more QTLs than were found in the previous study of a subset of 242 this population (Hart et al. (2001)), seven QTLs for PH and nine QTLs for FL in our study 243 versus five and three from the previous study, but some of the QTL intervals also significantly 244 reduced (Table S3 ). For example, the 1-lod interval of QTL on chromosome 7 is narrowed from 245 ~26 cM previously to only ~3 cM in this study (from 57.7 Mb to 59.5 Mb in physical distance), 246 and harbors the gene Sb07g023730 (DW3) at ~58.6 Mb. This example indicates that nearly 247 tripling the numbers of individuals and increasing marker density greatly increased the power of 248 QTL detection. 249
An interesting phenotype that we observed is distance from the flag leaf to the rachis. We 250 distinguished whether or not the rachis is immersed in the flag leaf (see Materials and Methods). 251
The correlation coefficient (Table S2 ) between FTR and PH (r=0.0778), though significant at 252 p<0.01, is not nearly high as the correlation between the BTF and PH (r=0.8983), suggesting 253 that the genetic control of these two traits might be different. Indeed, QTL mapping suggests that 254 the genetic control of FTR is quite different from that of PH and BTF, with only one QTL 255 (qFTR7.1) on chromosome 7 overlapping with QTL for PH and BTF (qPH7.1 and qBTF7.1). 256
While the one-LOD QTL interval for qPH10.1 overlaps with qFTR10.1 to some extent, there is 257 no solid evidence to conclude that they are controlled by the same genetic factors, given that the 258 likelihood peaks of the QTLs for these two traits are ~10 cM apart. We detected a total of five 259 QTLs for FTR, explaining 28.21 % of the total phenotypic variance (Table S3 ). The additive 260 effect of FTR needs to be carefully interpreted, especially when compared to the additive effect 261 of PH. Since the average value of FTR is negative, a negative number for the additive effect for 262 this trait indicates increased FTR for a particular allele. For example, the additive effect for 263 qFTR7.1 is -1.19, which indicates that FTR of plants carrying the IS3620 alleles are actually 264 14 longer than those of plants carrying the BTx623 alleles. Both alleles from IS3620C for qPH7.1 265 and qFTR7.1 have the same effect of increasing length, although the sign of their additive effects 266 is different. 267
We have detected a total of six QTLs for number of nodes (ND) in this population 268 (Figure 3) , collectively explaining 32.07% of the phenotypic variance. The largest effect QTL is 269 qND8.1, with a LOD score of 12.96 and explaining 11.15% of the variance. QTLs for ND rarely 270 overlap with other PH related traits-only qND10.1 shows some correspondence with other 271 height related traits, marginally overlapping with qFTR10.1. 272
In this study, PH and FL were not significantly correlated (Table S2) . Identification of the genes underlying these QTL regions might be 304 especially important. The peak of qFL9.1 is located at ~59.3Mb in our study, close to significant 305 peaks at ~58.7Mb and ~59.0Mb for FL found in a GWAS study (Zhang et al. 2015) . 306
Syntenic study 307
A total of 30 out of 202 genomic regions contain QTLs found in this study were located 308 in colinear locations within sorghum (Paterson et al. 2009 ) resulting from genome duplication 309 events ( Table 2 and Figure 4) , as confirmed using the Plant Genome Duplication Database (Lee 310 et al. 2013 ). Among these, a total of five regions on chromosomes 1 (1), 3 (3), 9 (1) are 311 duplicated within the same chromosome. Among the 25 duplicated genomic regions located on 312 different chromosomes, ten syntenic regions contain the same trait (2 for ND, 3 for PH, 4 for FL 313 and 1 for BTF), which is significantly more than expected to occur by chance (p=0.0002), and 15 314 regions contain different traits (Figure 4) . Within this single population, we now find more QTLs for PH and FL than have been 331 classically thought to segregate in all forms of Sorghum bicolor (Quinby and Karper 1945) , 332 reiterating a conclusion from meta-analysis of multiple populations (Zhang et al. 2015) that these 333 traits could not be accounted for by the 4-6 loci suggested by classical studies. Most of the 334 QTLs we mapped here correspond to QTLs found in other studies, improving confidence in our 335
result. An example is re-identification of the dw3 locus on chromosome 7, a P-glycoprotein 336 auxin transporter (Multani et al. 2003) , which proved the power and accuracy of our QTL study 337 by narrowing the QTL interval from ~26 cM to 3 cM known to harbor the causal gene. More 338 generally, QTL mapping complements other data types toward identification of causal genes. For 339 example, a QTL on chromosome 6, possibly the classical dw2 locus, has been refined to a 5 cM 340 interval in this study, with a likelihood peak at ~42.4 Mb. A GWAS study ( In addition to PH and FL, we have also identified QTLs for three other traits that are not 345 extensively studied, BTF, FTR and ND. QTL intervals for FTR mostly differ from those 346 associated with PH, suggesting that the genetic control of these traits might be different. We also 347 found that the genetic control of the ND is correlated with FL, demonstrated by the fact that five 348 of six QTLs for ND correspond to QTLs for FL. (qPH9.1) where we also find a QTL controlling FL, qFL9.1, that is ~30cM from qPH9.1. This 361 result again suggests that two separate QTLs control these PH and FL effects, a conclusion that 362 is also supported by another study (Thurber et al. 2013) . 363
We discovered a total of 30 syntenic regions within the sorghum genome sequence 364 Figure 4 ). This non-random correspondence between 366 regions of the genome conferring the same traits indicates that the ten syntenic regions contain 367 corresponding (homoeologous) genes that may still function in the same ways despite being 368 duplicated 96 million years ago (Wang et al. 2015) , while the syntenic regions with different 369 traits may suggest potential sub-functionalization of genes after duplication. 370
Components of PH and FL have been and will continue to be important for sorghum 371 breeding programs. The past century has witnessed breeding for modern varieties with a 372 particular plant type, for example a semi-dwarf type, to realize striking increases in production 373 such as those which led to the "Green Revolution" (Evenson and Gollin 2003). The concept of 374 ideotype breeding (Donald (1968), is still an ongoing priority for many breeding programs to 375 increase food and feed production, adapt to climate change and minimize inputs. Genetic 376 components discovered for plant height related traits and flowering time in this study, together 377 with closely-linked diagnostic DNA markers that permit their selection at seedling stages or in 378 non-target environments, may benefit breeding for plant types idealized for the different 379 purposes that sorghum is used. Specifically, little correspondence between PH and FL, together 380 with narrowed QTL intervals, facilitates accurate selection for each trait. The QTLs found in this 381 study and their correspondence with those from many other studies also provides a framework 382 for fine mapping or subsequent cloning of major genes for PH and FL in sorghum. 383
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